Motivated by the capability of the KATRIN experiment to explore the existence of KeV neutrinos in the [1 − 18.5] KeV mass range, we explore the viability of minimal extensions of the Standard Model involving sterile neutrinos (namely the 3 + N frameworks) and study their possible impact in both the beta energy spectrum and the neutrinoless double beta decay effective mass, for the two possible ordering cases for the light neutrino spectrum. We also explore how both observables can discriminate between motivated low-scale seesaw realizations involving KeV sterile neutrinos. Our study concerns the prospect of a Type-I seesaw with two right-handed neutrinos, and a combination of the inverse and the linear seesaws where the Standard Model is minimally extended by two quasi-degenerate sterile fermions. We also discuss the possibility of exploring the latter case searching for doublekinks in KATRIN.
Introduction
Neutrino oscillations constitute evidence for flavor violation in the neutral lepton sector suggesting the need to extend the Standard Model (SM) in order to account for the necessarily massive neutrinos and for the lepton mixing, as observed. The most minimal or trivial extension of the SM is to consider the existence of right-handed (RH) neutrinos, producing thus the conventional Dirac mass terms for neutrinos. However the Majorana possible nature of the RH neutrinos is uncircumventable as is the question of the tiny active neutrino masses. The alternative solution is the embedding of the seesaw (Type-I) mechanism [1] [2] [3] [4] [5] [6] [7] predicting Majorana nature for both the light active neutrinos and the heavy ones. One of the consequences is the violation of the total lepton number. Alternatively, the observation of any lepton number violating (LNV) process will point towards the existence of New Physics (NP) and indirectly to the Majorana nature of neutrinos.
Adding new neutral fermions to the SM field content leads to a broad range of new phenomenology: depending on their mass scale of these neutrinos, they may address open questions in astrophysics [8, 9] , cosmology 1 (baryogengesis via leptogenesis, dark matter candidate, ...), or lead to interesting signals in laboratory experiments (beam-dump experiments, neutrinoless double beta decay, ...). In this study, we focus on minimal low-scale seesaw realizations [12] [13] [14] [15] [16] which can account for the observed neutrino masses and mixings. Note that this mechanism can also successfully generate the Baryon Asymmetry of the Universe (BAU) via leptogenesis 2 , when the sterile neutrino masses are not exceeding about 50 GeV. This mass regime is also very interesting for LNV processes like the "neutrinoless" meson and tau decay processes (see for instance [18, 19] ) potentially giving rise to interesting collider signatures. Nevertheless, in this study we will be interested in sterile neutrinos in the KeV regime, which can impact the electron energy spectrum in β decays. Indeed, following this idea, the KATRIN experiment [20, 21] could be able to probe KeV [22] [23] [24] [25] , and also eV [26] [27] [28] , sterile neutrinos with an unprecedented sensitivity in other laboratory experiments. Interestingly, the neutrinoless double beta decay (0ν2β) -which is by excellence the observable associated with the existence of Majorana neutrinoswhen mediated by sterile neutrinos appears to be the ideal laboratory to probe their parameter space as the 0ν2β amplitude is affected by their presence.
Our study concerns extensions of the SM with sterile fermions with mass ranges leading to possible impact in the KATRIN energy spectrum and in the neutrinoless double beta decay effective mass, which (adapted) expression is given in [29, 30] . In order to understand and illustrate the impact due to the presence of sterile fermions on the latter observables, the neutrino effective Majorana mass m ee in 0ν2β and the β decay neutrino effective mass, m β , we start by considering a bottom-up approach, which consist in adding to the SM a certain number N of sterile neutrinos, making no hypothesis on the neutrino mass generation mechanism, in order to capture some of the effects of more complicated frameworks (like the seesaw mechanisms we consider in this study). This will provide a useful first approach before we consider explicit minimal seesaw models capable of accommodating neutrino data. The seesaw models we consider necessitate the introduction of neutral fermion fields belonging to two categories: (i) RH neutrinos, which in the interaction basis feature Yukawa interactions with the SM Higgs and lepton doublets, namely the Type-I seesaw at a low enough Majorana mass scale (typically with small Yukawa couplings), and (ii) sterile neutrinos, which have no such couplings. In a slight abuse of notation, we will also apply this classification to the Linear Seesaw Mechanism (LSS) [31, 32] and to the Inverse Seesaw mechanism (ISS) [33] [34] [35] , in which cases the 'sterile' neutrinos in fact have (very suppressed) couplings to the SM neutrinos. Most of our analysis will be however carried out in the mass basis, where the new states are in general a mixture of the RH and sterile (and active) components. We will thus more generally refer to states dominated by RH and/or sterile components as (SM) fermionic singlets. We will be particularly interested in addressing minimalistic realizations of low-scale seesaw mechanisms that are the Type-I with two RH neutrinos, as well as, a combination of a linear and an inverse seesaw involving two sterile neutrinos (which we will name from now on "LISS" 3 ).
Interestingly, sterile neutrinos are present in several neutrino mass models and their existence is strongly motivated by current reactor neutrino oscillation anomalies [37] , suggesting that there might be some extra fermionic gauge singlet(s) with mass(es) in the eV range [38] . Their existence is also motivated by indications from large scale structure formation [10, 39] . Moreover, depending on their mass scale, sterile fermion states can also give rise to interesting collider signatures [18, 19, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Nevertheless, models with sterile fermions are severely constrained 4 from electroweak (EW) precision observables, laboratory data and cosmology, due to the mixings of the sterile states with the active left-handed neutrinos. All the constraints that we take into account in our study are discussed in Appendix A.
In the SM extensions we consider in this work, where the mass(es) and active-sterile mixings of the sterile states are within the KATRIN experiment sensitivity reach, we expect that the cosmological constraints (from Big Bang Nucleosynthesis and N eff ) to be particularly severe, see [54] . We are nonetheless interested in independently probing the KeV sterile neutrino hypothesis by laboratory searches. Therefore, we investigate the impact of these extensions on the Kurie Plot leading to an information on the effective electron neutrino mass m β , as well as their impact on neutrinoless double beta decay effective mass m ee , specially in the case in which KATRIN detects a discontinuity in the spectrum, meaning one of the extra sterile fermion mass is below the tritium beta decay threshold E 0 = 18.575 KeV, and its mixing with the electron neutrino is large enough to be observed in KATRIN. This is what is called a kink in the beta decay spectrum.
This work is organized as follows: Section 2 is devoted to the observables we address that are the tritium beta decay and the neutrino effective Majorana mass in neutrinoless double beta decay, reviewing their experimental (present and future) status. A detailed description of the minimal SM extensions with sterile fermion states (i.e. 3 + N , Type-I seesaw and LISS) we consider, including the parametrization we use for each of them, are presented in Sec. 3, while the relevant constraints on the sterile fermions applied in our analysis are summarized in Appendix A (the parametrization for the 3+2 model is summarized in Appendix B). Section 4 collects our discussion on the results (and predictions) obtained for the different models we consider. Final conclusions and remarks are given in Sec. 5.
the active neutrino ν e as 6 |U e4 | 2 ≥ 10 −6 [22] [23] [24] [25] , the matrix U being the total lepton mixing matrix. Indeed, in the presence of a heavy neutrino with mass m 4 , the electron energy spectrum would be a superposition of the light neutrino spectrum and the one of the heavy neutrino, both weighted by their corresponding mixing, as follows [23] 
where E 0 is the threshold energy, E is the kinetic electron energy, dΓ dE (m) is the differential beta spectrum for a neutrino of mass m, and where m β is the electron effective mass given in Eq. (2) . The Heaviside step functions in Eq. (4) account for energy conservation, since the available energy of the beta decay has to be large enough to produce the neutrinos. This discontinuity is expected to be seen in the spectrum, if the mass of the heavy neutrino is below the threshold E 0 , and if its mixing with the electron neutrino is large enough to be seen in the form of a kink the KATRIN beta spectrum.
Neutrinoless double beta decay experimental status
The observation of a 0ν2β decay can be interpreted as being mediated (at tree-level) by massive neutral Majorana fermions, and/or by new interactions and particles fields arising from NP models [58] [59] [60] [61] [62] . In the Standard Model and under the assumption that Majorana neutrinos mediate the 0ν2β decay at tree-level, the decay amplitude of 0ν2β is proportional to
where G F is the Fermi constant, m i the neutrino (physical) mass and p is the neutrino virtual momentum such that p 2 −(125 MeV) 2 (the value corresponds to an average of the virtual momenta in different decaying nuclei). Finally the 0ν2β decay width is proportional to the so-called 7 "effective electron neutrino Majorana mass" given by,
Recently, several experiments (among them KamLAND-ZEN [64, 65] , GERDA [66] , Majorana Demonstrator [67] , EXO-200 [68] [69] [70] , CUORE [71] and CUPID-0 [72] ) have set strong bounds on the effective mass m ee , the most constraining one being provided by the KamLAND-ZEN collaboration [65] |m ee | < 0.061 − 0.165 eV (90% C.L.) ,
where the range is due to the uncertainties on the nuclear matrix elements 8 . Regarding future experimental prospects, we present in Table 1 the sensitivity of ongoing and planned 0ν2β dedicated experiments. Note that throughout our analysis, we take |m ee | 0.01 eV as a representative value for the future sensitivity. 6 The sensitivity studies can vary form 10 −6 to 10 −8 , depending on the applied technique and on the estimated uncertainties. We will therefore consider 10 −6 as a conservative sensitivity. 7 The name "effective electron neutrino Majorana mass" is due to the fact that the first entry of the squared neutrino mass (3 × 3) matrix in the interaction basis is given by:
For details concerning the theoretical uncertainties of nuclear matrix elements, see for instance [62, 63] .
Experiment
Ref.
|m ee | (eV) EXO-200 (4 yr) [68, 69] 0.075 − 0.2 nEXO (5 yr) [73, 74] 0.012 − 0.029 nEXO (5 yr + 5 yr w/ Ba tagging) [73] 0.005 − 0.011 KamLAND-Zen (800 kg) [75] 0.025 − 0.080 KamLAND2-Zen (1000 kg) [ In the situation where the SM is extended by a number N of sterile fermion states, the additional neutrinos might also contribute to the decay amplitude in which the corresponding effective mass m ee is corrected [29, 30] as follows:
where U is the (3 + N ) × (3 + N ) lepton mixing matrix and where the sum is done over all the total number of physical neutrino states n ν = 3 + N . From the latter expression, we can already notice that an observation of such a kink in tritium beta decay spectrum (i.e. having one of the extra neutral fermion mass m i in the [1 − 18.5] KeV range with a mixing to the electron neutrino |U ei | 2 ≥ 10 −6 ) would have important consequences on m ee , as we will show in this study.
Minimal extensions of the SM involving sterile fermions
In order to accommodate neutrino masses and mixings, the SM can be extended with new sterile fermions such as RH neutrinos. In this work, we consider the SM with three light Majorana neutrinos (SM ν ), which is extended by a number N of sterile fermion states that mix with the 3 active neutrinos. We first consider that the neutrino mass eigenvalues and the lepton mixing matrix are independent, meaning that no assumption is made on the neutrino mass generation mechanism. As we will see later, we focus on the 3 + 1 (N = 1) case and comment on the generalization to the N ≥ 2 cases. Then, we explore minimalistic but realistic realizations of the Type-I seesaw model with two RH neutrinos. Besides the general case, we will also be interested in the lepton number conserving scenario considering a combination of linear and inverse seesaw model (LISS).
After EW symmetry breaking, the relevant terms in the Lagrangian can be written (in the Feynman-'t Hooft gauge) as,
where g is the SU (2) L gauge coupling, U αi are the lepton mixing matrix components, m i are the mass eigenvalues of the neutrinos and m α are the charged lepton masses. The indices α and i run as α = e, µ, τ and i = 1, . . . , 3+N . Further details can be found in for example Refs. [90, 91] .
We proceed first by presenting the 3+N models and the parametrization we used for the minimal cases of N = 1 and N = 2. We then detail the low-scale minimal seesaws we consider in this work, i) the Type-I seesaw with two right-handed neutrinos without any hypothesis on the degeneracy of their mass, meaning no lepton number conservation symmetry is imposed, ii) still with two fermionic singlets, we take the limit of the latter mechanism with a small lepton number violation, i.e., a combination of the linear and the inverse seesaw mechanisms. For all the scenarios we detail the corresponding parametrization we adopt in the numerical study.
Effective
Since the generic idea of having impact on our observables applies to any model where the active neutrinos have sizable mixings with the additional sterile fermions, we can use an effective model with 3 light active neutrinos plus N extra sterile neutrinos.
In this framework the leptonic charged current is modified as
where i denotes the physical neutrino states, from 1 to n ν = 3 + N , and j = 1, . . . , 3 the flavor of the charged leptons. In the case of three neutrino generations, U corresponds to the (unitary) PMNS matrix. For n ν ≥ 4, the mixing between the left-handed leptons, which we will subsequently denote byŨ PMNS , corresponds to a 3 × 3 block of U . One can parametrize thẽ U PMNS mixing matrix asŨ
where the matrix ζ encodes the deviation ofŨ PMNS from unitarity, due to the presence of sterile fermions. Given the modification of the charged current in Eq. (10), many observables will be sensitive to the active-sterile mixings, and their current experimental values (or bounds) will thus constrain such an extension. These constraints arise from lepton flavor violating (and universality violating) observables, bounds from laboratory and collider searches, among others. Certain sterile mass regimes and active-sterile mixing angles are also strongly constrained by cosmological observations. All the relevant constraints for the mass regimes we consider in this study are discussed in Appendix A.
Note that in the 3 + N model, the mixing matrix U includes (3 + N )(2 + N )/2 rotation angles, (2 + N )(1 + N )/2 Dirac phases and 2 + N Majorana phases. All these constitute the physical parameters of the model in addition to the masses of the sterile states, m i , i = 1, . . . , N .
Mixing matrix
We have conducted the study for the most minimal cases N = 1 and N = 2. In the 3 + 1 model, the introduction of the extra sterile state reflects into three new mixing angles (θ 14 , θ 24 , θ 34 ) (active-sterile mixing angles), two extra Dirac CP violating phases (δ 41 , δ 43 ) and an extra Majorana phase (φ 41 ). The 4×4 lepton mixing matrix is now given by the product of 6 rotations times the Majorana phases 9 :
where U
4×4
PMNS is the 4 × 4 matrix formed by the 3 × 3 PMNS matrix, which is extended with a trivial fourth line and a fourth column, and where the rotation matrices R 34 , R 24 , R 14 are defined as:
The parametrization for the lepton mixing matrix for the 3 + 2 model (N = 2) is shown in Appendix B.
Minimal seesaw mechanisms with two sterile fermions

Type-I seesaw with two right-handed neutrinos and parametrization
In order to comply with neutrino data, the most minimal realization of the Type-I seesaw mechanism requires only two right-handed neutrinos, meaning that the lightest active neutrino is massless. The Lagrangian of the Type-I seesaw reads
where α are the SM lepton doublets, φ is the Higgs doublet andφ = iσ 2 φ * , N I denotes the new fermionic fields that are singlet under the SM gauge group, Y αI are dimensionless Yukawa couplings and M is a 2 × 2 matrix of Majorana mass terms for the N I fermions. 9 We recall that since we are interested in the impact of sterile fermions on neutrinoless double beta decay effective mass, we assume in the whole study that neutrinos are of Majorana nature.
After the EW symmetry breaking the Higgs field acquires a non-vanishing vacuum expectation value (VEV) φ = v (174 GeV), and the full neutrino mass matrix in the EW basis can be written as follows
where m D denotes the 3 × 2 Dirac mass matrix, m D αI = v Y αI . The Lagrangian (14) accounts for a non-vanishing (active) neutrino mass matrix m ν which, after the block diagonalisation of the matrix M Type−I and under the assumption v|Y αI | |M IJ | (seesaw limit), is given by
For our numerical study, we adopt the following parametrization for the above defined Dirac mass (details can be found in Refs. [14, 92, 93] ):
where U is the PMNS matrix. Depending on the ordering in the light neutrino spectrum (inverted or normal ordering that we label IO or NO, respectively) and given the fact that in this minimal scheme with only two RH neutrinos, one active neutrino is massless, m lightest = 0, the matrix R is such that R T R is the diagonal light neutrino mass matrix for each ordering. This respectively corresponds to
IO :
where a, b ∈ R and where m 1 , m 2 and m 3 are the light neutrino masses satisfying the solar and atmospheric mass squared splittings, ∆m 2 sol and ∆m 2 atm .
Approximate lepton number symmetry: Linear and Inverse seesaw with 2 sterile fermions
Among the several variation of the low-scale seesaws, the Inverse or the Linear seesaw mechanisms do offer the possibility of having the heavy neutrinos in pairs forming pseudo-Dirac states. These mechanisms are based on approximate lepton number symmetry, in which the smallness of the neutrino masses is related to the smallness of LNV parameters, which are natural in the sense of 't Hooft [94] , since the Lagrangian acquires a new symmetry when they are set to zero, making therefore neutrino masses stable against radiative corrections. In addition, the small mass splitting between the two states of each pair (i.e. strong degeneracy in mass) is proportional to the source of LNV.
The minimal setup in this mechanisms is to extend the SM with a pair of sterile fermions, N 1,2 , with opposite lepton number, L = ±1. In the case with only one active generation, the lepton number conserving part of the neutrino mass matrix reads, in the basis (ν L , N 1 c , N 2 c ),
where y is a dimensionless Yukawa coupling, Λ a dimension-full parameter, and v the Higgs VEV. The lepton number conserving mass spectrum resulting from the diagonalisation of this mass matrix is composed by a massless state m ν ≡ M 1 = 0 and two degenerate Majorana massive states, M 2 = M 3 = Λ 2 + v 2 y 2 . In order to account for massive light (Majorana) neutrinos, one has to consider a correction to the latter mass matrix by adding small LNV entries. Forbidding a non-zero element in the (1, 1) entry, which would correspond to a Majorana mass term for lefthanded neutrinos and requires a non-minimal extension of the SM (instance a Type-II seesaw), there are two possibilities 10 resulting to the patterns of inverse and linear seesaws
where ξ and are small (< 1) dimensionless LNV parameters. After diagonalisation of M 0 +∆M , the mostly active neutrino mass m ν for each mechanism, at leading order in ξ and are
In this work, we will assume the existence of two sterile neutrinos and consider both sources of LNV small corrections, naming the model "LISS" : LSS+ISS.
In the realistic case of 3 active generations, the mass matrix for the LISS model is given by [12] 
where Y is now a 3-dimensional vector providing the Dirac mass for the active neutrinos vY = m D . Notice that the ordering of the second and third column/row of Eq. (23) is due to the assignment L = +1 and −1, for N 1 and N 2 , respectively.
LISS parametrization
To ease our analysis and parameter counting, we set µ ≡ ξΛ, ε ≡ Y v in M LISS defined in Eq. (23):
In the seesaw limit, where |m D | , |ε| , |µ| Λ, the block diagonalisation of the latter leads to
Actually there is a third one corresponding to having a non-vanishing (2, 2) entry leading to an Extended (radiative) seesaw generating neutrino masses only at higher loop level that can gain importance only in the case of a large lepton number violation. Since we are interested in a possible double-kink in KATRIN, which would be associated to small small LNV in this context, we keep the (2, 2) entry in Eq. (20) to zero.
where U B is a unitary matrix, and where m light and M heavy are given as follows,
Notice that we take M heavy at zeroth order since the degeneracy is already broken with the mass term µ. Identifying [12] (25), the (mostly active) light neutrino mass m ν can be rewritten as:
Imposing that m ν complies with neutrino data (PMNS mixings and solar and atmospheric mass squared differences),
, we obtain for the two different orderings of the light neutrino mass spectrum:
where η is a real parameter such that |m D | , |ε| Λ. Finally, the heavy mass matrix Eq. (26) eigenstates are given by
One could hope to have the lepton number parameter µ, which obviously breaks the degeneracy in the mass of the two mostly sterile states, and the mixing between the two heavy states such that KATRIN would see a double-kink, provided their mixings to the electron neutrino both lie within its sensitivity, as we will discuss in Section 4.3.
Numerical results and discussion
We work under the hypothesis that KATRIN will see a kink in the β spectrum. This signal would imply the existence of at least 11 a fourth neutrino -under the hypothesis that the SM should be most minimally extended -with a mass and mixing to the electron of [22] [23] [24] [25] 
In the case where the extra neutral leptons are of Majorana nature, one can explore their impact on 0ν2β. Our aim is thus to study if the interplay between the two observables, the electron energy spectrum in β decay in Eq. (4) and the Majorana effective mass defined in Eq. (8), can help discriminating between motivated low-scale seesaw realizations involving at least one KeV sterile neutrino.
In our study we consider most minimal extensions of the SM involving at least one sterile neutrino with mass m 4 and mixing U e4 within the future KATRIN sensitivity. When several sterile fermions are present, we will assume that ν 4 is the lightest one 12 . We first consider the ad-hoc scenario of 3+N , where the SM is extended by N sterile fermions without any assumption on the neutrino mass mechanism. Then, we consider the Type-I seesaw with 2 ν R and the LISS scenario (see Section 3) as explicit examples to show how the interplay between β and 0ν2β decays would affect neutrino mass generation models.
In the case of the 3 + 1 toy model, m ee is given by
m 4 being below the nuclear scale p 2 ∼ −(125 MeV) 2 , and more specifically within KATRIN range in Eq. (30), and m (SMν ) ee being the effective mass in the SM ν involving massive Majorana neutrinos according to oscillation data, as defined in Eq. (6). In the case of a second sterile neutrino in the 3 + 2 model (still no hypothesis of the neutrino mass generation mechanism), the Majorana effective mass can be written as follows:
Notice that, contrary to m 4 , we are not imposing m 5 to be within the KATRIN regime, but we let it as a free parameter. Depending on the ranges for m 5 and U e5 , one could have sizable contributions to the neutrinoless double beta decay effective mass, or even have a cancellation, depending also on the light neutrino spectrum ordering. However, when the extra masses and couplings are interdependent due to the embedding of a seesaw, one could have a completely different picture [30] . For instance, in the case of the Type-I seesaw with 2 ν R , the neutrino mass diagonalisation requires the condition
implying that,
Using this equation in Eq. (32), the full effective mass can therefore be written as
Interestingly, the last expression in Eq. It is worth mentioning that for any seesaw model involving N sterile states, when all their masses are below the threshold of any lepton number violating processes (in for instance mesons and tau lepton LNV decays leading to same or different flavor and same electric charge leptons ee, eµ, µµ, eτ, ... ), one can generalize the discussion above on the Majorana electron effective mass m ee to a 3 × 3 Majorana flavor effective mass
M being the mass matrix in the flavor basis (whose (1, 1) entry is m ee ) [19] . Eq. (36) is related to the ν L -ν L entry in the neutrino mass matrix, which is zero in the Type-I seesaw model, see Eq. (15), implying
for Type-I seesaw models with all sterile neutrino masses below the energy threshold of the associated LNV process. This is a generalization of the GIM-like cancellation for m ee discussed in [30] .
Regarding the numerical analysis for the different seesaw models we consider, we use their corresponding parametrization (detailed in Section 3) and perform a "random" scan on all the parameters including the CP violating phases. We impose that the outcome of the diagonalisation of the mass matrices for the light neutrino parameters, masses and mixings, must lie within 5% from the current best fit values that we take from the global analysis of [95] for the normal and inverted ordering, whereas we apply, when relevant, all the constraints detailed in Appendix A on the heavy sector parameter space. It is worth mentioning that given the mass regimes for the heavy neutrinos we consider, the most constraining bounds are from direct search constraints.
Results for the
We consider first the case where only one sterile neutrino is added to the SM field content and assume it to be within KeV mass range. In this case, besides the possibility of having a potential signal (kink) in the beta energy spectrum, the sterile neutrino gives a further contribution to the 0ν2β effective mass according to Eq. (31).
The effect of this new contribution can be seen in Fig. 1 . In (a) we show the standard picture for the three active Majorana neutrino case (SM ν ), with the colored bands covering the possible variation of the CP phases. In the other three panels, we display the results after adding a fourth neutrino with increasing impact on the effective Majorana mass. Notice that in the latter cases there is a new CP phase related to U e4 , which may affect the size of the predicted bands for both normal and inverted ordering cases.
The first important information inferred from Fig. 1 is that the presence of a sterile neutrino can strongly impact the prediction for 0ν2β, leading to different and possibly augmented ranges for the effective mass m ee , when compared to the SM predictions, and this for both normal and inverted ordering of the light neutrino mass spectrum. This can be seen by comparing Fig. 1(a) and Fig. 1(b) for the NO case. These changes depend of course on the parameter space for m 4 and U e4 , more precisely on the combination m 4 |U e4 | 2 . Table 1 .
As can be seen in these plots, the picture changes when the sterile neutrino is compatible with a kink in the beta energy spectrum according to Eq. (30). For instance, when m 4 |U e4 | 2 = 10 −4 KeV, one cannot distinguish the NO from the IO regions, see Fig. 1(d) . Interestingly, there are cases where an observation of a signal in neutrinoless double beta decay (assuming a severe control on the nuclear matrix elements uncertainties) will not necessarily imply an inverted ordering of the light neutrino mass spectrum even for very small m lightest , compare for instance Fig. 1(c) and Fig. 1(a) . Alternatively, a non-observation in future 0ν2β experiments would not rule out the IO, contrary to the SM ν case, if m 4 |U e4 | 2 is large enough (since there could be a cancellation as can be seen in Fig. 1(d) ). There is also the possibility that m 4 |U e4 | 2 is smaller (even if m 4 is in the KeV mass region) such that the fourth neutrino contribution is of the same order as the SM ν one, and this can even lead to a strong cancellation in m ee for We refrain from showing the several situations but instead address this cancellation when we explore the synergy between an observation of a kink in the KATRIN energy spectrum and a signal in 0ν2β. This is displayed in Fig. 2 where instead we show |m ee | as a function of m 4 |U e4 | 2 for representative values of m lightest . We show the particular case where m lightest = 0, Fig.2(a) -anticipating the discussion for the seesaw models we consider in this study as their minimality imposes that the lightest (active) neutrino is massless, as discussed in Section 3 -and the case in which the lightest neutrino mass is about the atmospheric oscillation scale, ∆m 2 atm , Fig. 2(b) . Interestingly, the latter case almost corresponds to the lower bound that future 0ν2β experiments could probe in the normal ordering case. Nevertheless, the general behavior is the same in both panels: |m ee | is SM ν -like for small values of m 4 |U e4 | 2 , while it is dominated by the sterile neutrino for large values of m 4 |U e4 | 2 . In the transition between the two regimes, when both active and sterile contributions are comparable, |m ee | may suffer the above mentioned cancellations, although the critical value of m 4 |U e4 | 2 is very dependent on the ordering and the value for m lightest .
It is important to remark that neutrinos on m ee is negligible 13 . In such case, our discussion for the 3+1 case can be easily generalized by replacing the role of m 4 |U e4 | 2 by an effective heavy mass |m heavy ee | given by
We have explicitly conducted the analysis for the case N = 2, since it accounts for the minimal amount of sterile neutrinos needed for generating light neutrino masses in a Type-I seesaw mechanism. Then one cannot draw direct predictions for m ee in the case where KATRIN sees a kink, since it gives information on only one sterile state m 4 |U e4 | 2 and not on the sum | N i=4 m i U 2 ei |, unless KATRIN observes a second kink. If the two kinks are well separated in mass, this could correspond to a Type-I seesaw where the two sterile neutrinos are in the mass range [1, 18.5] KeV. On the other hand, if the two kinks are close in mass, they could point towards an approximate lepton number conserving scenario with quasi-degenerate sterile neutrinos. We refer to the latter as a double-kink signature. This leads us to consider the (minimal) seesaw models we have presented in Section 3, where one could potentially generate a neutrino spectrum such that the heavy states are in KATRIN's regime, while agreeing with neutrino data (as well as the several constraints discussed in Appendix A).
Type-I seesaw with two RH neutrinos
We assume that one of the two RH neutrinos is within KATRIN sensitivity (kink in the beta spectrum) and consider the following three possible cases: when the second sterile neutrino mass is within KATRIN sensitivity as well (two kinks): m 5 ∈ [1, 18.5] KeV; when it is above the tritium beta decay threshold energy, but below the nuclear double beta decay Fermi momentum, m 5 ∈ [18.5 KeV, 125 MeV], and finally when m 5 125 MeV. (e) (f) Figure 4 : Majorana effective mass |m ee | as a function of the heaviest sterile neutrino mass in the Type-I seesaw with two RH neutrinos in the situation where the lightest sterile neutrino is compatible with a kink in KATRIN beta spectrum for both NO (left) and IO (right) ordering of the light neutrino mass spectrum. Light blue points are solutions compatible with neutrino data and the several constraints. Gray points are those not complying with at least one constraints. The gray regions are experimentally excluded by 0ν2β experiments while the dashed lines correspond to the future sensitivity of 0ν2β experiment, Table 1 . On each panel, the red (NO) and green (IO) areas correspond to analytical prediction for |m ee | when we allow a 30% deviation from a chosen central value: m 4 |U e4 | 2 3 × 10 −6 (top), 4 × 10 −5 (middle), 10 −4 (bottom) KeV. The solutions contained within these areas are highlighted in dark-blue.
Following the seesaw condition Eq. (33) and the discussion thereafter, we expect that the 0ν2β effective mass will always be below the analytical upper limit shown in Fig. 3 , where |m ee | is represented as a function of m 5 for different ranges for m 4 |U e4 | 2 (chosen so that the fourth neutrino state is compatible with a kink in KATRIN beta spectrum). Depending on the values of all the remaining parameters (mixings and CP violating phases), the mass of the second sterile neutrino can be in the three above mentioned regimes. The cancellation in |m ee | for light values of m 5 below the nuclear threshold, as well as the saturation line when m 5 is very large (above the ∼ TeV scale) is clearly manifest in both panels of Fig. 3 corresponding to normal ordering (a)  and inverted ordering (b) , thus following the prediction of Eq. (35) . This cancellation is stronger when m 5 < 18.5 KeV, i.e., in the case of two possible kinks in the KATRIN beta spectrum.
One can also notice on this figure how the predictions for |m ee | evolve depending on the light neutrino mass spectrum ordering and when the position of the kink in KATRIN (value of m 4 ) changes, in agreement with Eq. (35) . For instance, when m 4 |U e4 | 2 < 10 −6 KeV, the allowed (analytical) region for m ee as well as the corresponding maximal prediction is higher in the IO case than in the NO one, although in both cases the predictions are close to the experimental future sensitivity reach, see Table 1 . When the hypothetical vertical line in Fig. 2 , that would correspond to an observation of a kink in KATRIN, moves from left to the right, the predictions for |m ee | become less sensitive to the ordering of the light neutrino spectrum. Equivalently, this would correspond to increasing the maximal predictions for |m ee | until one could not distinguish between the normal and the inverted ordering cases.
In order to have an estimate for the predictions for beta and neutrinoless double beta decays for the Type-I seesaw model, we use the parametrization given in Eq. (17) . With the hypothesis of at least one kink in KATRIN beta spectrum, the results obtained after having scanned over all the parameter space are presented in Fig. 4 showing |m ee | as a function of the heaviest sterile neutrino mass m 5 , for both NO (left) and IO (right) orderings of the light neutrino mass spectrum. In all panels of Fig. 4 , blue points correspond to the solutions compatible with neutrino data and the phenomenological bounds, while the gray points are those not complying with at least one constraint (most of them are not compatible with direct searches constraints). On each panel, the red (NO) and green (IO) areas correspond to analytical prediction for |m ee | when we allow a 30% deviation from a chosen central value of m 4 |U e4 | 2 3 × 10 −6 KeV (top), 4 × 10 −5 KeV (middle) and 10 −4 KeV (bottom). The numerical solutions contained within these areas are highlighted in dark-blue. At first sight, one can confirm that the solutions compatible with neutrino data and the phenomenological bounds (blue points) are always within the analytical area discussed after Fig. 3 , confirming the analytical expectation of Eq. (35) .
One can also see that when m 4 |U e4 | 2 3 × 10 −6 KeV, there is no lower analytical bound in the NO case, see Fig. 4 (a), due to possible cancellations in |m ee |, as can be easily confirmed from Fig. 2(a) , however the maximal values for |m ee | in this case are close to future sensitivity reach. On the other hand, the situation is different in the IO case, see Fig. 4(b) , as for this value for m 4 |U e4 | 2 , the analytical region (green) is very narrow; one could thus infer the value of m 5 (as well as information on the remaining Type-I seesaw parameters) based on the interplay between both observables (possible kink in KATRIN and a signal in 0ν2β). The role of the two orderings is reversed for m 4 |U e4 | 2 4 × 10 −5 KeV, Fig. 4 (c) and (d). Nevertheless, these cancellations do not occur in some other cases for m 4 |U e4 | 2 and we can have a very narrow (thus predictive) bands for both ordering cases, as one can see in Fig. 4 (e) and (f). Thus, with the help of the above examples, one could discuss the interplay between both observables, the tritium beta decay energy spectrum and neutrinoless double beta decay effective mass. For example, we found in this analysis favorable cases where one could have a signal in KATRIN (a kink) and a signal in 0ν2β experiments, pointing toward a Type-I seesaw with one sterile state below 18.5 KeV and a heavier one with a mass below the nuclear threshold of ∼ 125 MeV. This situation would correspond for instance to the dark-blue points contained the the bands of Fig. 4(b) , (c), (e) and (f), some of them giving also prediction for the light neutrino mass ordering. On the other hand, a non-observation of 0ν2β would imply an upper bound on m 5 , see Fig. 4(b) , (c) (e) or (f), and therefore one would expect to detect the second sterile neutrino in a low energy experiment. An interesting case of the latter situation would be when the second sterile neutrino has a mass m 5 lying also in the KeV regime, since KATRIN could potentially observe it as a second kink, as shown in Fig. 5(a) .
Finally, we explore the case where both sterile neutrino masses are below 18.5 KeV, thus no signal in 0ν2β is expected whatever is the ordering of the light neutrino mass spectrum. As already said, KATRIN could then signal the presence of one kink or two kinks, depending on the remaining physical parameters. This is exemplified in Fig. 5(b) , where the scatter plot shows viable solutions imposing the lightest sterile neutrino within KATRIN sensitivity and complying with neutrino data (for NO in this case) and the relevant constraints (blue points). As can be seen, depending on the active-sterile mixing |U e5 | 2 , there are viable solutions compatible with the presence of a second kink in KATRIN spectrum, the situation of which is favored for large |U e4 | mixings. Similar results where found for the inverted ordering case.
Interestingly, among the solutions in Fig. 5 , there are some points where the positions of the two kinks are very near (double-kink), implying that the sterile neutrinos are very close in mass. This would be the situation one would find in the case of a scenario with approximate lepton number symmetry as the LISS model. 
Results for the LISS scenario
As discussed in Section 3, in the LISS scenario the heavy (mostly) sterile neutrinos are close in mass and their mixings are similar in size, |U e4 | |U e5 |, while the deviations from this degeneracy are controlled by the LNV parameters. If their masses are below 18.5 KeV, one could expect the presence of a double-kink in KATRIN energy spectrum, as shown in Fig. 6(a) . Whether KATRIN would be able to resolve a double-kink depends on its energy resolution and on the LNV parameters defining the LISS model, thus on the mass splitting between the two sterile states.
In the case of the presence of a kink in the beta decay energy spectrum and no positive signal in 0ν2β, nor in other low energy experiment, KATRIN would help exploring this model by studying in detail the observed kink. If the mass splitting between the two sterile neutrinos is below KATRIN's energy resolution 14 , the experimental signature would be a single kink with a size of |U e4 | 2 + |U e5 | 2 . On the other hand, if the resolution is high enough to resolve the doublekink, KATRIN would be able to provide information on the mass splitting and, therefore, on the LNV parameters of the model.
In Fig. 6 (b) we show viable solutions complying with neutrino data and constraints for NO (red) and IO (green) orderings of the light neutrino spectrum. We choose |U e4 | 2 + |U e5 | 2 for the y-axis as it corresponds to the height of a kink due to the presence of the two sterile states in the case where KATRIN would not be able to resolve the double-kink. Notice that they are in general larger in the IO case than in the NO one, therefore assuming KATRIN observes indeed a kink with a very large value for |U e4 | 2 + |U e5 | 2 , this would favor the inverted mass ordering of the light neutrino spectrum. The x-axis represents the mass splitting |m 4 − m 5 |, with a vertical blue line showing the considered KATRIN energy resolution for this discussion. We decided to stop at 1 KeV when LNV is not well justified, since then the mass splitting is comparable to the sterile neutrino masses and one should study the Type-I seesaw as in section 4.2. From this figure we see that the LISS model predicts a broad range of mass splittings. If the points are to the right of the blue line, KATRIN would be able to resolve the double-kink and measure the mass splitting. On the other hand, if they are to the left, the resolution would not be enough to resolve it and it would be observed as a single kink, which would nevertheless allow KATRIN to set upper limits on the mass splitting. Consequently, in both cases KATRIN would provide information about the sources of LNV in this scenario.
This study can be enlarged to other low-scale seesaw frameworks like the νMSM model [16, 96] where a Type-I seesaw is at work with three RH neutrinos whose mass spectrum and couplings to the active states are severely constrained by the requirements of having a successful BAU and providing a viable dark matter candidate. The νMSM-predictions for 0ν2β Majorana effective mass has been addressed in for instance [97] and more recently in [98] (νMSM with 3 RH neutrinos) and in [99] (Type-I seesaw with 2 RH neutrinos). It has been shown that the prediction for |m ee | can be sizable (∼ 140 meV at max) if the two heaviest RH neutrinos have a mass close to the nuclear momentum 200 MeV with a large mass difference ( 1 MeV) in the case of IO, and this only when the CP phases and the mixings are appropriately aligned. The lightest RH neutrino (in the case of the νMSM with 3 RH neutrinos) being in the KeV mass region in order to provide a viable dark matter candidate can in principle impact KATRIN's energy spectrum, however, due to the smallness of its mixing to the electron neutrino, it is beyond the sensitivity of KATRIN.
Conclusions
In this study we have explored the viability of minimal extensions of the Standard Model involving sterile neutrinos (namely the 3 + N model and low-scale seesaw mechanisms with two sterile neutrinos) and study their possible impact in both neutrinoless double beta decay neutrino effective Majorana mass and in the KATRIN tritium beta decay energy spectrum.
In our numerical analysis, we explore different mass regimes for the extra fermions, the active-sterile mixings as well as the different CP violating phases. In particular, we identify and discuss the regimes where it is possible to have (at least) one KeV neutrino within the sensitivity of KATRIN and the other one much heavier giving rise to a possible signal in 0ν2β experiments, for both orderings of the light neutrino spectrum.
In the Type-I seesaw, assuming that one of the two RH neutrinos is within KATRIN's sensitivity (a kink in the energy spectrum), we addressed the three following possible cases: i) when the second RH neutrino mass is within KATRIN sensitivity as well (m 5 ∈ [1, 18.5] KeV), KATRIN has the potential to detect a second kink, while the 0ν2β effective Majorana mass vanishes;
ii) when it is above the tritium beta decay threshold energy, but below the nuclear double beta decay Fermi momentum (m 5 ∈ [18.5 KeV, 125 MeV]), then there is not such a second kink and the Majorana effective mass still vanishes;
iii) when m 5 125 MeV, one can expect to observe a signal in 0ν2β experiments.
Moreover, in the first case, the two kinks could be close in mass such that KATRIN could observe a double-kink in the energy spectrum, pointing towards a Type-I seesaw extended with an input, for instance related to an approximate lepton number conservation. We have explored this possibility by studying a model combining the linear and the inverse seesaw mechanisms with two sterile neutrinos (LISS).
In summary, our study shows how the interplay between the two observables, the electron energy spectrum in KATRIN tritium β decay and the 0ν2β effective Majorana mass, can help constraining the sterile neutrino parameter space and ultimately discriminating between motivated low-scale seesaw realizations involving at least one KeV sterile neutrino.
for the inverted ordering case. In our analysis we considered the best-fit central values given above, allowing for a deviation of ∼ 5%.
A.2 Direct searches
We have used in our analysis the most recent and up-to-date available constraints [18, 19, 44, 45] form direct searches on the parameter space of the SM extended by additional massive Majorana fermions. For masses below 10 MeV, we have used Ref. [18] , and for masses between 10 MeV and 100 GeV, we have used the constraints discussed in [19] (and references therein).
A.3 Cosmological and astrophysical constraints
Cosmological observations, see for instance Ref. [39, 101, 102] , put severe constraints on sterile neutrinos with a mass below the GeV scale as they can constitute an important fraction of dark matter impacting structure formation, which is constrained by Large Scale Structure and Lyman-α data. In addition, their mixings to the active neutrinos may induces the radiative decays ν i → ν j γ that are well constrained by cosmic X-ray searches. There are also severe constraints from Big Bang Nucleosynthesis (BBN) and/or CMB, which would be relevant in the very low mass regime for sterile neutrinos. Indeed, sterile neutrinos decay and in order to evade BBN and CMB constrains, they have to decay before the onset of BBN otherwise they can modify quantities as the primordial helium abundance [103] and the effective number of neutrinos N eff as well as produce effects in structure formation. A dedicated study of the specific extension of the SM with two sterile neutrinos has been conducted in for instance [54] where all possible cases for the (light) masses (and active-sterile mixings) regimes of the two extra neutrinos have been considered, showing that the models are strongly constrained for masses below O(100) MeV. All these constraints are put assuming a standard cosmology and can be evaded if a non-standard cosmology is considered [104] , or when sterile neutrinos couple to a dark sector [105] .
B parametrization of the lepton mixing matrix for the 3+2 model
The mixing matrix U for the N = 2 can be parametrized as 
where R ij is the rotation matrix between i and j. For instance, the rotation matrix R 45 is explicitly given by 
and likewise for the other matrices R ij (in terms of θ ij and δ ij .). Since the number of Dirac phases is 6 for the case where N = 2, four Dirac phases δ ij can be eliminated: we thus set δ 12 = δ 23 = δ 24 = δ 45 = 0.
Notice that the mixing matrix in Eq. (12) for the case N = 1 can be obtained by taking the 4 × 4 sub-matrix after substituting R i5 = 1l (and putting ϕ 5 = 0) in Eq. (43) .
